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Abstract: Neural tube closure is a critical feature of central nervous system morphogenesis
during embryonic development. Failure of this process leads to neural tube defects, one of the
most common forms of human congenital defects. Although molecular and genetic studies in
model organisms have provided insights into the genes and proteins that are required for
normal neural tube development, complications associated with live imaging of neural tube
closure in mammals limit efficient morphological analyses. Here, we report the use of optical
coherence tomography (OCT) for dynamic imaging and quantitative assessment of cranial
neural tube closure in live mouse embryos in culture. Through time-lapse imaging, we
captured two neural tube closure mechanisms in different cranial regions, zipper-like closure
of the hindbrain region and button-like closure of the midbrain region. We also used OCT
imaging for phenotypic characterization of a neural tube defect in a mouse mutant. These
results suggest that the described approach is a useful tool for live dynamic analysis of normal
neural tube closure and neural tube defects in the mouse model.

© 2016 Optical Society of America

OCIS codes: (170.3880) Medical and biological imaging; (170.4500) Optical coherence tomography; (170.6920)
Time-resolved imaging.
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1. Introduction

Neural tube defects (NTDs) are common congenital defects, with an occurrence rate of 1 in
1000 pregnancies in the United States [1, 2]. Although introduction of folic acid fortification
has led to a significant reduction of NTDs, this inborn disease still persists and the etiology is
largely unknown [3]. Despite numerous studies on neurulation in various animal models, the
developmental perturbations that induce mammalian NTDs remain poorly defined [4, 5],
limiting progress in formulating strategies to prevent human NTDs [6]. Neurulation in
mammals involves the formation, shaping, and bending of the neural plate and the closure of
the neural folds [7]. Defects in cranial neural tube closure can result in exencephaly in rodents
and possibly anencephaly in human [8, 9].

The mouse is a superior model for investigations of central nervous system development
due to the widely available genetic tools and NTD models [10]. Advances in the molecular
biology have led to the identification of genes and molecular pathways relevant to cranial
neural tube closure and NTDs [11, 12]. However, most studies rely on histology for
morphologic analysis. Histology provides only static images, and therefore has intrinsic
limitations in regards to capturing the dynamic aspects of neural tube morphogenesis. In
addition to the investigations at the molecular level, studies of this morphogenetic event at the
tissue and cellular levels are also highly critical for reaching an improved understanding of
neurulation and NTDs [13—15]. Nevertheless, available imaging tools allowing for live time-
resolved assessment of the cranial neural tube closure in the mouse embryo are limited,
preventing the analysis of mammalian neurulation from a dynamic point of view.

While ultrasonic imaging is currently the most used approach for clinical fetal neural tube
examination [16], its application for approaching neurulation in the mouse model has gained
limited success, due to the relatively low spatial resolution (down to tens of microns) that is
difficult to resolve detailed structure of the neural tube at early developmental stages [17, 18].
Optical imaging techniques with improved spatial resolution have been employed to visualize
and study cranial neural tube closure in live mouse embryos. With static culturing of the
early-stage mouse embryo, confocal microscopy was utilized to acquire time-lapse videos of
neural tube closure in the hindbrain region [19]. Also, with a transgenic mouse line where the
cell membrane is fluorescently labeled [20], confocal imaging was employed in live mouse
embryo culture to assess cell-cell interactions during closure of the cranial neural tube [21]
and to assess the disrupted closure in a NTD model [15]. Using fast-scanning confocal
microscope, functional imaging of apoptosis during cranial neural tube closure of live
cultured mouse embryos was achieved based on a genetically encoded fluorescence resonance
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energy transfer reporter [22]. Although the micron and sub-micron spatial resolution of
confocal microscopy is advantageous for observing cellular details during mouse neurulation,
the limited imaging depth requires the embryo to be dissected out from the yolk sac with the
head folds directly exposed and also makes it difficult to keep the target region within the
field of view during the turning of the embryo. In addition, transgenic reporters are necessary
due to the poor endogenous imaging contrast.

Optical coherence tomography (OCT) employs backscattered light from tissue samples to
form three-dimensional (3D) structural images where no exogenous contrast agent is needed
[23]. Utilizing low-coherence light in the near-infrared region, OCT features a microscale
spatial resolution with an imaging depth at millimeter level in scattering tissues [24], bridging
the gap of imaging scales between the confocal and acoustic imaging techniques. This unique
spatial imaging scale of OCT has enabled applications ranging from biomedical research [25—
27] to clinical diagnosis and monitoring [28—30]. Embryology is a major research area where
OCT shows great promise as a high-resolution unlabeled imaging tool [31-33]. With the
primary focus on the cardiovascular development and abnormalities, OCT has been reported
able to reveal detailed structures of the embryonic heart comparable to histology [34-36], to
capture four-dimensional dynamic cardiac activities [37—39], to quantify biomechanics of the
heart tube [40-42], to assess cardiac hemodynamics [43—45], to characterize novel mutant
heart phenotypes [46—48], and to investigate cardiac responses to physical and chemical
manipulations [49-52]. Focusing on the mouse model, our group has combined OCT with
live embryo culture to establish a number of structural and functional imaging methods [39,
45, 48, 53-55], suggesting an important role of OCT for in vivo analysis of the mammalian
embryo. However, the feasibility of using OCT for live imaging of neurulation in the mouse
embryo remains unexplored.

In this paper, we report the first application of OCT for live dynamic assessment of neural
tube development. Specifically, we present time-lapse 3D OCT imaging of cranial neural tube
closure in the live mouse embryo within the intact yolk sac. Our dynamic visualizations and
quantitative analyses revealed distinct mechanisms of the neural tube closure in the hindbrain
and midbrain regions. Also, we show that 3D OCT imaging provides a quantitative measure
of an NTD in the Wdr19 mutant model. Our results demonstrate that OCT can be used as an
efficient imaging and characterization tool for live investigations of cranial neural tube
closure in mouse models, which can open new opportunities for studying normal neurulation
and NTDs.

2. Materials and methods
2.1 OCT system

A home-built spectral-domain OCT system was utilized in this study. Details of the OCT
system were described in our previous work [56]. Briefly, the system employs a near-infrared
laser with ~808 nm central wavelength and ~110 nm bandwidth. Relying on a fiber-based
Michelson interferometer, the interference of light from the reference and sample arm is
directed to a spectrometer with a high-speed line-field CMOS camera. Fast-Fourier transform
is used to obtain the OCT intensity A-line from equally k-spaced interference fringes. The
system has an axial resolution of ~5 pum in tissue (refractive index of 1.4 assumed). The
transverse resolution is measured to be ~4 um. A sensitivity of ~97 dB is achieved with a ~50
um optical path-length difference and an 18 ps exposure time. Due to finite spatial sampling
rate of the spectrometer, a sensitivity drop of ~4 dB is observed over ~1 mm in depth. A set of
galvanometer mirrors is utilized for transverse scanning to acquire 3D data. With all 4096
pixels used from the camera, an A-line rate up to ~68 kHz can be reached, providing the
flexibility for adjusting the volume size and the required time for acquiring one 3D data set.
The sample arm of the OCT system was placed in an incubator (37 °C and 5% CO,), as
shown in Fig. 1(A), for live embryonic imaging experiments.
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2.2 Mouse embryo manipulations

All animal manipulation procedures involved in this work were approved by the Animal Care
and Use Committee of the Baylor College of Medicine. All the experiments were carried out
according to the approved protocols.

Timed matings were used to initiate pregnancies. Vaginal plugs were monitored, and the
day a plug was found was counted as embryonic day 0.5 (E0.5). For live time-lapse imaging
experiments of cranial neural tube closure, wild-type CD-1 mice were used. The embryos
were dissected out from the uterus at early E8.5 (~6-8 somites) when the closure initiation
sites were still open [12]. Live embryo culture on a stage was employed to maintain the
development of the mouse embryo for OCT imaging [19, 57]. Embryos were dissected at 37
°C with the yolk sac intact in the dissection medium containing 89% DMEM/F12, 1%
penicillin-streptomycin and 10% fetal bovine serum [58]. After dissection, the embryos were
allowed to recover in a 37 °C incubator maintained at 5% CO, prior to imaging. For the
prolonged time-lapse OCT imaging, home-made rat serum [59] was added to the dissection
medium (1:4) to support embryo growth. To prevent any evaporation of the culture medium
during the course of the experiment, a piece of thin Teflon film was placed on top of the
medium, as shown in Fig. 1(A). The edge of the film was sealed by addition of mineral oil.

For phenotypic characterization experiments, the Wdrl9 mutant mouse line generated
through insertional mutagenesis [48, 60] was used. Heterozygous mice that are viable and do
not exhibit obvious defects were set up for mating. Embryos were dissected live at the stage
of E8.5 (8-12 somites) when the closure of the head folds has already initiated. After imaging,
the embryos were collected and genotyped with polymerase chain reaction [48].

(A) (B) Dorsal View i
(,——— OCT Sample Arm Anterior
37°C i
Collimator 5% CO,
Finer Galvanometer
GM mirror (GM)
Scan lens
—r | Mouse embryo
Incubator -~ Lin petri dish

,.""Mouse Embryo in Static Culturé“\._

| Teflon to prevent Live embryo !

| evaporation / Mineral oil |

3 > Amnion
] T i

i Mineral oil Culture medium |

L

,,,,,,, ! Dorsal

Fig. 1. Live mouse embryo culture combined with OCT imaging for analysis of cranial neural
tube closure. (A) Setup of the OCT sample arm inside a humidified incubator for static mouse
embryo culture (Top); An enlarged side view of the culturing setup for the mouse embryo
where a transparent Teflon film is placed on top of the medium to avoid evaporation (Bottom).
(B) An example of 3D OCT embryonic imaging with a live mouse embryo at the stage of early
E8.0 when the neural plates are formed yet not bent. The green line in the dorsal view indicates
the position where the anterior view is taken. Scale bars correspond to 200 um.
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2.3 Imaging and quantitative assessment

For time-lapse imaging, continuous OCT 3D imaging was performed with the time scale set
at 550 seconds temporal resolution for the four-dimensional data. The duration of the live
imaging experiments was set for over 16 hours which covers the full events of cranial neural
tube closure. Our imaging field of view of ~3 mm in 3D ensured the head region of the mouse
embryo within the intact yolk sac could always be visualized and no adjustment of imaging
parameters was required throughout the experiments. An example for OCT structural imaging
of the cranial region is shown in Fig. 1(B) with a live mouse embryo at the pre-somite stage
(early ES8.0). It can be seen that at this stage the neural plates have formed but bending is yet
to occur. With the 3D OCT data, the cranial morphology can be well resolved.

For the characterization of the NTD in Wdrl9 mutants, live embryos within the intact
yolk sac were placed in a cold 1 x PBS solution right before imaging. This temperature
change inhibited heart contraction and significantly reduced the motion effect from the
beating heart while preserving the structure of the whole embryo for imaging. Single 3D OCT
imaging was performed on all embryos focusing on the forebrain region of the neural tube.
For data analysis, the homozygous embryos were compared with the control where the wild-
type and heterozygous littermates were grouped together. During our post processing with 3D
OCT data, embryos showing a visually apparent turning were excluded from analysis to
ensure the embryos from the control and the mutant groups were very close with respect to
their developmental stages. A total of 20 embryos (10 for each group) were utilized for the
analysis. For comparison, the effect size was calculated and a two-sample ¢ test was used to
determine the statistical significance.

The 3D visualization and the quantification of the distances between neural folds were
conducted using Imaris software (Bitplane). All measurements were made in 3D, which were
utilized for the time-resolved analysis of cranial neural tube closure and the comparative
analysis of mutant brain phenotypes.

3. Results

The process of cranial neural tube closure in the live mouse embryo can be clearly visualized
using time-lapse 3D OCT imaging, as shown in Fig. 2 and Visualization 1. As annotated in
Fig. 2(A), the forebrain, the midbrain and the hindbrain, as well as the pharyngeal arch can be
easily located and well distinguished through the yolk sac. Over the ~16.8 hours’ duration of
OCT imaging, the increase of the size of embryo and the remodeling of the yolk sac
vasculature can be directly seen, as shown in Fig. 2(B), which indicates the growth and the
development of the cultured embryo during the imaging. From Fig. 2(C), it can be seen that
the head folds of the embryo are open when the imaging starts (0 hour) and the cranial neural
tube is fully closed by the time of 13.75 hours. The closure of the head initiates at the junction
of the forebrain and the midbrain (triangle, 2.75 hour) and, as the embryo is turning, neural
tube closure gradually completes (5.5, 8.25 and 11 hour). The observed duration of the cranial
closure agrees with the literature [15, 19], suggesting the feasibility of using OCT imaging
and live embryo culture to study this important process of neurulation in the mouse model.


https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-8-1-407&seq=v001
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Fig. 2. Time-lapse 3D OCT imaging of the cranial neural tube closure in the mouse embryo for
over 16 hours. (A) A 3D image of the mouse embryo shows the three major parts of the cranial
region, the forebrain, the midbrain and the hindbrain. (B) 3D images of the mouse embryo at
the beginning and ending time points of the imaging session show the size increase and the
yolk sac vascular remolding through development. The red arrows indicate the capillary plexus
(left) and the remodeled blood vessels (right). (C) Representative frames from 3D OCT time-
lapse demonstrate cranial neural tube closure while the embryo is turning (see Visualization 1).
In the images of selected time points, the solid, dashed and dotted arrows point at forebrain,
midbrain and hindbrain of the embryo, respectively, and the triangle points at a closure
initiation site between the forebrain and midbrain. All scale bars correspond to 300 pm. The
time stamps of images correspond to Visualization 1. The playback is 5000 times faster.

The embryonic hindbrain region was imaged during neural tube closure and this process
was quantitatively assessed. As shown in Fig. 3(A) and Visualization 2, the closure of the
hindbrain region is driven by a continuous sequential fusion of the neural folds from the
posterior side to the anterior side, as indicated by the red arrows. This progression of fusion is
generally described as zipper-like closure of the neural tube. Measurements of the distance
between neural folds at five selected line positions from the hindbrain region are plotted with
respect to time in Fig. 3(B). The locations of the lines L1-L5 are shown in the first image (0
minute) of Fig. 3(A). It is obvious that the closure occurs in a sequential order from line L1 to
line L5 with time delays of ~18-28 minutes between each position, following the zipper-like
mechanism of closure.


https://www.osapublishing.org/boe/viewmedia.cfm?uri=boe-8-1-407&seq=v001
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Fig. 3. Zipper-like closure of neural tube at the hindbrain region of the mouse embryo. (A)
Time-resolved 3D OCT images of the mouse embryo hindbrain region show a zipper-like
neural tube closure (see Visualization 2). The red arrows point at the site where zipper-like
closure occurs. The yellow lines between the head folds (0 min) represent the positions where
distances are measured. (B) Distances between neural folds at different line positions plotted
over time indicate the zipper-like process of neural tube closure at the hindbrain region. Scale
bars correspond to 200 um. The time stamps of images correspond to Visualization 2. The
playback is 5000 times faster.

In contrast to the hindbrain region, an analysis of neural tube closure in the midbrain
region reveals a distinctly different mechanism. As shown in Fig. 4(A) and Visualization 3,
the closure of the midbrain region does not show the zipper-like continuous progression of
fusion. Instead, the neural folds approach each other in a more simultaneous manner. A
number of “bumps” can be seen gradually emerging from the neural folds, as indicated by red
arrows. These bulging structures separately located along the neural folds appear to be the
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fusion points during the closure of the midbrain region (174 minute 10 second, 183 minute 20
second, and 192 minute 30 second), suggesting a button-like closure mechanism. This process
is quantitatively presented with the neural fold distances over time in Fig. 4(B). A total of
eight line positions were selected to show the closure at the midbrain region, as labeled in the
first panel of Fig. 4(A). It can be clearly seen that the closure order follows a button-like
pattern.
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Fig. 4. Button-like closure of neural tube at the midbrain region of the mouse embryo. (A)
Time-resolved 3D OCT images of the mouse embryo midbrain region show a button-like
neural tube closure (see Visualization 3). The red arrows point at the sites where button-like
closure occurs. The yellow lines between the head folds (0 min) represent the positions where
distances are measured. (B) Distances between neural folds at different line positions plotted
over time indicate the button-like process of neural tube closure at the midbrain region. Scale
bars correspond to 200 um. The time stamps of images correspond to Visualization 3. The
playback is 5000 times faster.

To explore the use of OCT imaging for phenotypic characterization of NTDs, we
performed 3D structural analyses of the Wdrl9 mutant mouse model. The forebrains of the
control and the Wdr19 mutant mouse embryos (ES8.5, 8-12 somites) are shown in Fig. 5(A)
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and Fig. 5(B), respectively. The OCT structural images provide clear 3D visualizations of the
head folds from cross-sectional ventral and anterior views. The differences in neural tube
closure at the forebrain can be clearly distinguished between the control and the Wdrl9
mutant embryos. Our measurements of the distance between neural folds (around the middle
region of forebrain) are presented in Fig. 5(C). With 10 embryos from each group, the effect
size (Cohen’s d) is over 3, indicating a large difference between the two group means. A two-
sample ¢ test with a type I error o = 0.01 shows a p value of less than 0.001, suggesting a
statistically significant difference. The variation of data in each group is largely due to slight
variations in the developmental stages between the embryos.
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Fig. 5. Phenotypic characterization of neural tube closure at the forebrain of the Wdr19 mutant
mouse embryo. 3D OCT images of the forebrain region from the (A) control and (B) Wdrl9
mouse embryos at E8.5 show a clear difference in the neural tube phenotype. The red arrows
point at the forebrain region. The green lines in the ventral views indicate the locations where
the anterior views are taken. The yellow lines in the anterior views show the positions of
distance measurement. All scale bars correspond to 300 pm. (C) Quantification for the distance
between neural folds at the forebrain region of the embryos show a larger distance (statistically
significant) from the Wdrl9 embryos in comparison with the control. The central thick lines
represent the mean and the whiskers represent the standard deviation. The number of samples
N = 10 for both groups. The p value is from a two-sample ¢ test.

4. Discussions and conclusions

The zipper-like closure of hindbrain in the mouse was previously reported in a number of
studies [15, 21, 22] and is considered as the mechanism of the neural tube closure [12]. In our
OCT imaging analysis, the zipper-like mechanism of hindbrain closure is well resolved and is
clearly presented with quantitative assessment (Fig. 3 and Visualization 2). While closure of
hindbrain was largely investigated due to its dorsal-side location that can be easily
approached with confocal microscopy, midbrain closure was not extensively studied before.
In contrast to the hindbrain, our imaging data indicates a distinct process, a button-like
closure, in the midbrain region (Fig. 4 and Visualization 3). Previously, Pyrgaki et al.
identified this process using fluorescence-based confocal imaging and described it as a
“buttoning-up” closure with highly-dynamic cellular activities in the closure region [21].
Based on their cellular analysis [21], the “bumps” seen with OCT imaging (red arrows, Fig.
4) are likely to be cellular extensions from non-neural ectoderm cells. This consistency of our
observations with the previous study indicates that OCT imaging with live embryo culture is
capable and reliable for dynamic assessment of the mouse cranial development. The reason of
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having two different closure mechanisms from the hindbrain and midbrain regions and how
they are regulated at the molecular level deserve further investigations. While confocal
microscopy allows for cellular-level contrast and resolution, OCT offers advantages of larger
field of view, deeper penetration, and no requirement for fluorescent labeling, enabling an
efficient morphological analysis of the mouse neural tube closure within the intact yolk sac,
which was not reported possible with other imaging techniques.

A mutation in Wdr19 (or known as Ift144) in mice was previously reported to cause brain
abnormalities characterized at a later embryonic stage [61]. Our quantitative analysis of the
mouse forebrain reveals a significant difference in the distance between neural folds at E8.5
for the Wdr19 homozygous embryos in comparison to the control littermates. Our assessment
enabled by OCT imaging complements the previous characterization. Since Wdr19 mutants
are predicted to have alterations in ciliary structure and/or function, the revealed neural tube
defect in Wdr19 mutants suggests a possible role that cilia might play in the process of neural
tube closure. Further studies involving the characterization of cilia behavior at the earlier
developmental stages are required to pursue this question.

The pixel scales of our dynamic OCT imaging are ~2 um in the axial direction and ~3 pm
in the transverse direction. Based on our results, this spatial sampling rate is sufficient to
capture detailed structural information from the head folds, such as the bulging structures in
the midbrain closure. An improved transverse sampling can be easily achieved, however, with
increasing the size and the acquisition time of the volume data. The axial resolution of OCT is
decoupled from the transverse resolution and is only dependent on the laser wavelength and
bandwidth [62]. Extending the wavelength range of the imaging light will further enhance the
depthwise resolving ability, for example, to the single-micron level [63]. Also, improvement
of the transverse resolution can be obtained by using a microscopy scheme [64, 65] where a
higher magnification lens is utilized. Potentially, such system enhancements could help to
achieve finer morphologic analysis of the head folds in the embryo and might reveal other
structural features useful for neural tube analysis.

In the time-lapse OCT 3D imaging, resampling of time in post-processing was performed
to reduce the size of the 4D data set and improve the visualization efficiency. However, a 3D
temporal resolution of 110 seconds (~9 Hz B-scan rate) is available to reveal more transient
structural activities during mouse neurulation. Also, using a higher A-line rate of our OCT
system, the volume with similar spatial sampling intervals can be acquired within 20 seconds,
which could potentially be used to capture even more detailed neural tube morphogenesis
within specific time windows. With the rapid and continuous advancements in electronics,
real-time 3D OCT imaging and visualization has recently been demonstrated [66], which can
potentially provide more efficient characterization of mouse embryonic cranial phenotypes.

Although the process of cranial neural tube closure can be directly visualized from the 3D
OCT images, we believe the time-resolved measurement of neural fold distances at different
locations provides an additional quantitative description of the closure, which clearly presents
the distinct mechanisms from the midbrain region and the hindbrain region. This type of 3D
measurements can be further used to assess other parameters, such as the moving speed of
head folds and the progression velocity of zippering, which might be useful measures for
future characterization of abnormal neural tube dynamics. With an improved spatiotemporal
resolution, assessment of specific closure feature between the intermediate buttoning points in
the embryonic midbrain region may contribute to a more comprehensive understanding of
cranial morphogenesis in the mouse.

In conclusion, we have presented the first study demonstrating the feasibility of OCT for
live imaging and analysis of cranial neural tube closure in the mouse embryo. We report time-
lapse 3D OCT imaging results on head fold closure and specifically show the button-like
closure in the midbrain region which is distinct from the zipper-like closure in the hindbrain
region. The temporally and spatially resolved measurements of the distance between neural
folds support the observation and clearly indicate the closure mechanisms from a quantitative
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point of view. Our results from the analysis of the forebrain neural fold distances in Wdrl9
mutant mouse embryos demonstrate that OCT can provide the phenotypic characterization of
defects in the mouse neural tube development. We expect that our approach and the findings
from this work will facilitate novel studies to address the etiology of human NTDs.
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